Abstract. The objectives of this study were to evaluate the influence of a urease inhibitor (NBPT) in
Introduction
Laboratory studies have indicated plant oils, in particular the phenolic compounds thymol, carvacrol, and eugenol, are effective in reducing fermentation in stored cattle and swine wastes (Varel and Miller, 2001; Varel et al., 2006) . Concentration of volatile fatty acids (VFA), which are the predominant odor compounds in livestock waste (Zahn et al., 1997) , are under some instances completely inhibited from being produced when these phenolic compounds are homogeneously mixed into manure slurries (Varel and Miller, 2001) . Depending upon the chemical structure of the phenolic compound added, lactic acid accumulation (non-odorous) can be stimulated in both cattle and swine waste slurries . The beneficial effect is that lactate reduces pH and inhibits fermentation activity, which in turn keeps the nitrogen in the non-volatile ammonium state. In laboratory studies, coliforms are eliminated from the waste slurries within the first day after the phenolic acids are added .
Over 50% of the nitrogen from cattle and swine wastes can volatilize, depending upon management of the manure (Eghball and Power, 1994; Bierman et al., 1999; Parker et al., 2005) . Normally, the urea in urine is hydrolyzed within hours to ammonia, and depending upon temperature, pH, and other environmental conditions, most of this nitrogen can volatilize. This reduces air quality, is a significant loss __________________ Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.
in fertilizer value, and reduces the N:P ratio to roughly 1:1, which can contribute to phosphorous being over applied to land. Urease inhibitors have been used to slow urea hydrolysis both in laboratory and in cattle feedlot studies (Varel et al., 1999; Shi et al., 2001) . Laboratory studies have shown that a urease inhibitor and thymol can be used in combination to eliminate coliforms, reduce odor, and prolong the time before urea is hydrolyzed . Thymol presumably is bactericidal to some of the urease-producing microorganisms, thus it prolongs the inhibitory effect of the urease inhibitor.
The cost for thymol is approximately $10.00/kg, and for two different mixtures of plant oils both originating from alpha-pinene is either $1.25 or $2.00/kg. Recently with laboratory studies we found these mixtures of plant oils at concentrations of 1.5 to 2 times (3000 ppm to 4000 ppm) the concentration of thymol (2000 ppm) will eliminate coliforms and inhibit odor compound formation in cattle waste similar to results obtained with thymol. Because these mixtures of plant oils are less expensive than thymol, evaluation on a feedlot surface is warranted. Plant oils are generally recognized as safe (GRAS) by FDA (Shapiro et al., 1994; Manuo et al., 1998) . The urease inhibitor, NBPT, is sold under the trade name of Agrotain®, and is approved for application to livestock wastes (www.agrotain.com). The objectives of this study were to evaluate the influence of a urease inhibitor in combination with plant oils for their ability to maintain urea in feedlot manure, control odor production, and reduce pathogens.
MATERIALS AND METHODS

Treatment and Sample Analyses
Six adjacent cattle feedlot pens (30 x 150 m) with approximately 70 animals (average BW of 300 kg) fed 57% high moisture corn, 39% corn silage, and a 4.5% liquid supplement (CP = 13.8%) were used in this 10-wk study conducted between April and June. During the first two weeks, baseline data were determined from the sampling of manure in the pens. During the next four weeks, three alternating pens were treated with 40 ppm N-(n-butyl) phosphoric triamide (NBPT) and 4000 ppm linalool extract (LE; recycle linalool, Lyondell Chemical Company, Jacksonville, FL), using a hand-held sprayer. The area in the pens treated and sampled (1.2 x 15 m; soil base) was directly behind the feed trough and concrete apron (3.5 m in length). Normally the pens were treated on Friday, and sampled on Monday and Wednesday. Each pen was sampled from six evenly spaced sites (200 g/site) across the 15-m treatment area. For each day the six replicate samples were pooled and analyzed for dry matter (DM), urea, volatile fatty acids (VFA; acetate, propionate, butyrate, isobutyrate, valerate, isovalerate), L-lactic acid, pH, coliform bacteria and Escherichia coli.
This treatment period was immediately followed by another four-week treatment period in the same pens, and included 40 ppm NBPT and 4000 ppm pine oil extract (POE; pine oil 150, Lyondell Chemical Company, Jacksonville, FL). The treatment and sampling were the same as indicated above. We speculate that there was little residue carry-over of LE because manure organic matter would significantly dilute the LE with time.
Immediately after the manure samples were collected, 15 g was dried at 102°C overnight to determine DM; a 20 g sample was placed in 20 mL distilled H 2 0, shaken vigorously for 30 sec, and pH determined; 15 g was acidified with 15 mL of 0.5 M H 2 S0 4 and stored at -20° until analyzed for VFA by gas chromatography (Miller and Varel, 2002) . Urea was determined colorimetrically using a modification of the Sigma Blood Urea Nitrogen Kit (BUN, procedure no. 535; Sigma-Aldrich Chemicals, St. Louis, MO). Total coliform bacteria and E. coli were enumerated with 3M Petrifilm Escherichia coli coliform count plates (3M Microbiology Products, St. Paul, MN) as previously described (Varel and Miller, 2001) .
STATISTICAL ANALYSES
Data were analyzed as a split-plot in time using the general linear model (GLM) procedure of SAS (SAS Institute Inc., Cary, NC). Data were analyzed within each treatment period (period one = linalool extract and period two = pine oil extract), with pen as the experimental unit. The model included treatment, day, treatment by day, and pen (treatment). For all statistical analyses, a significant effect was defined as P < 0.05 and tendency was defined as P < 0.1.
RESULTS
No differences in manure DM were detected in the treated or untreated pens prior to or during the treatment periods (Figure 1 , -10 to 0 days). Rainfall was variable during this study; thus, DM varied considerably during the experimental periods, from approximately 20 to 80%.
The concentration of urea in the manure was increased (P < 0.01) by treating the pens with NBPT, irrespective of the LE or POE (Figure 2 ). Little to no urea was present in the manure of untreated pens unless the DM was approximately 60% or greater. Likewise, NBPT is more effective at increasing the urea concentration when the DM increased. and linalool (SEM = 0.09) or pine oil extract (SEM = 0.07) on urea concentration in feedlot manure. * = P < 0.05. ** = P < 0.01.
Time (days)
Accumulation of VFA during the LE treatment did not produce a treatment by day interaction, although there was a tendency (P = 0.09) for treatment to be different ( Figure 3A ). There was a treatment by day interaction (P = 0.02) with the POE additive and a tendency for a treatment effect (P = 0.09). Both LE and POE decreased the concentration of butyrate (P = 0.01; Figure 3B ). The LE did not affect L-lactate production (P = 0.22; Figure 3C ); however, with POE there was a higher concentration of L-lactate (P < 0.05). The pH values for manure treated with LE were not different from controls (P = 0.14), although there was a tendency (P = 0.07 ) for the POE treatment values to be lower ( Figure 3D ). Accumulation of Llactate is most likely responsible for the lower pH values.
The LE and POE treatments decreased total coliform bacteria and E. coli (P < 0.01; Figure 4A and B). E. coli was the predominant bacterial species contributing to the number of total coliforms found in manure samples.
DISCUSSION
Results from this study indicate that a combination of the urease inhibitor, NBPT, and the LE or POE treatment applied weekly will increase (P < 0.01) the concentration of urea in feedlot manure compared to untreated pens. This effect is greater when the manure DM increases, especially when it is above 50% (Figure 2) . The higher DM presumably suppresses microbial and enzymatic activity in the manure. Normally little to no urea is observed in surface manure from cattle feedlot pens (Varel et al., 1999) . However, if the manure DM reaches 70 to 80% some urea may accumulate in untreated manure (approximately 1 g/kg DM between day 10 and 20, Figure 2 ). Once the DM declines, urea is again rapidly hydrolyzed not only in the untreated pens, but also in the pens treated with the urease inhibitor and either plant oil extract applied in this study. This suggests that although a higher urea concentration can be obtained with treatment, it is not a sustainable process under the changing DM environment. The LE treatment did not decrease VFA production (odorants); however, there was a tendency (P = 0.09) for the POE treatment to reduce VFA ( Figure 3A) . The largest fraction contributing to the total VFA production was butyrate ( Figure 3B ). Both LE and POE treatments reduced butyrate production (P < 0.01). A plausible explanation for high concentrations of butyrate is DM of the manure. Manure DM was approximately 80% at day 10 to 12 (Figure 1 ), which presumably causes many of the sporulating microorganisms (clostridia) to form spores. Once moisture returns, the spores gradually become vegetative cells (day 14 to 21) and metabolism of the manure continues, producing a high concentration of butyrate. This explanation is supported by laboratory studies (Varel and Miller, 2001) , where high concentrations of butyrate were found in stored cattle waste; it is well recognized that microorganisms such as Clostridium butyricum produce abundant butyrate and hydrogen (Smith and Hobbs, 1974) . Also, Ouwerkerk and Klieve (2001) have concluded that Gram-positive clostridia and lactic acid-producing bacteria predominate in feedlot manure. Minimal differences between treatments were observed with the other individual VFA.
Previous laboratory studies indicate that some plant oils stimulate lactate production in cattle manure. This was observed with the POE treatment ( Figure 3C ). Lactic acid producing bacteria are known to be more resistant to plant oils than many other microbial species (Burt, 2004) ; therefore, when the manure is treated they have less competition, they become predominant, and high concentrations of lactate accumulate. Lactate is ionically a strong acid, non-odorous, and likely is responsible for the numerically lower pH values when the POE treatment is compared to the untreated manure (Figure 3 ). Under ideal conditions if enough lactate accumulates in manure, it will lower pH to less than 6.0. At this pH, less than 10% of the ammonia will volatilize from the manure (Stevens et al., 1989) .
On five sampling days (17, 19, 47, 53, 54 ) the CFU (colony forming units) for coliform bacteria or E. coli were not different (P > 0.05) between treated and untreated manure samples ( Figure 4A and B). It is unclear why a treatment response is not observed on these days. The DM in the treated pens was approximately 80% on day 12, treatment was applied on day 14, and at the time of sampling on day 17 and 19, the manure DM was less than 40%. It is speculated the rainfall after day 14 and before day 17 washed away the LE from the treated area. A similar effect occurred at day 47 and 54. This rainfall effect is less likely to occur if the entire pen is treated and sampled, unless rainfall is sufficient to erode the manure from the pen. The area sampled in this study was directly adjacent to the feed trough concrete apron, and we observed some of the manure was washed from the sampled area after heavy rainfall.
Conclusion
This study suggests that the urease inhibitor, NBPT, can be used to increase the concentration of urea in feedlot cattle waste, although the concentration that will accumulate is dependent upon the environmental conditions. The DM of manure appears to be a major factor in the effectiveness of NBPT. The cost to treat one metric ton of manure is estimated to be $0.44. There was a tendency (P = 0.09) for the POE treatment to decrease VFA production (odorants) and increase L-lactate production (P < 0.05). Both LE and POE significantly reduced the butyrate concentration and reduced the coliform bacteria and E. coli; however, these parameters appear to also be affected by the environmental conditions such as DM of the manure. The cost to treat one metric of manure with LE or POE is estimated to be $5.00 or $8.00, respectively.
